Abstract. Arsenic trioxide (ATO) is clinically used to treat acute promyelocytic leukemia (APL); however, the therapeutic dose of ATO may prompt critical cardiac side effects. Combination therapy may be used to improve the therapeutic efficiency. To evaluate this possibility, the present study determined the combined effects of Hedyotis diffusa Willd (HDW) extract and ATO in leukemic WEHI-3 cells. The results demonstrated that co-treatment of HDW with ATO resulted in a synergistic augmentation of cytotoxicity in cells at the concentration tested. In order to investigate the potential therapeutic application for leukemia, the combined effects of HDW and ATO were analyzed on the WEHI-3 cell-induced orthotopic leukemia animal model in vivo. The WEHI-3 cells in mice with leukemia were established by injecting murine WEHI-3 cells into BALB/c mice, and treating them with HDW and/or combined with ATO. The results indicated that HDW alone or HDW combined with ATO promoted the total survival rate of mice with leukemia, and these effects are dose-dependent. HDW alone or HDW combined with ATO did not affect the body weight, decreased the spleen weight and did not affect the liver weight. Furthermore, the results demonstrated that HDW alone or HDW combined with ATO resulted in a synergistic augmentation of apoptosis in WEHI-3 cells at the concentration tested. In order to further reveal the detailed mechanism of this synergistic effect on apoptosis, apoptosis-related proteins were also evaluated. The data revealed that HDW alone or HDW combined with ATO induced the expression of death receptor 4 (DR4) and DR5 and the activation of poly adenosine diphosphate ribose polymerase, caspase-3, -8 and -9. Furthermore, HDW alone or HDW combined with ATO decreased the expression levels of B-cell lymphoma 2, B-cell lymphoma-extra large and survivin, and increased the expression levels of Bak and t-Bid. Altogether, the results indicate that the combination of HDW with ATO may be a promising strategy used to increase the clinical efficacy of ATO in the treatment of APL.
Introduction
Leukemia, one of the major causes of death for patients with cancer, is a group of cancers that typically begins in the bone marrow and results in high numbers of abnormal white blood cells. Arsenic trioxide (ATO), an agent currently used in clinical practice, has been adopted from traditional Chinese medicine (TCM). ATO is used as a first-line drug for acute promyelocytic leukemia (APL) due to its apoptosis-inducing properties in leukemia cells. However, the treatment of leukemia with ATO remains unsatisfactory (1) . Its therapeutic potential and anti-cancer activity have been investigated in various types of solid tumors, including esophageal, prostate and ovarian carcinomas (2) (3) (4) . Increasing evidence has also demonstrated that ATO may be applied for the treatment of various solid tumors due to its ability to trigger apoptotic cell death (5) .
Numerous previous clinical reports have reported that chronic exposure to a therapeutic dose of ATO may evoke severe cardiac side effects and result in sudden cardiac death in certain cases (6) (7) (8) (9) and long-term exposure to ATO results in an increased likelihood of cardiovascular disease in patients with APL. Therefore, prophylactic measures used to manage the consequent cardiotoxicity in clinical applications of ATO are urgently required (10) . Combination therapy is a frequently used strategy in clinics to improve, therapeutic efficiency; therefore, identifying agents to enhance the efficacy of ATO against human tumors and to reduce the severe cardiac side effects is necessary.
Hedyotis diffusa Willd (HDW), an annual herb that belongs to the Rubiaceae family, has been used in TCM for thousands of years (11) . HDW is used as a cancer therapy agent, which reduces the adverse reactions of chemotherapy (12) . Several reports have demonstrated that the extract of HDW exerts its therapeutic effects by inducing mitochondrial apoptosis in numerous human cancer cell lines (13) (14) (15) . Through targeting multiple signaling pathways, HDW has been revealed to induce cell-cycle arrest and suppress inflammation molecules (15, 16) . The major components of HDW include ursolic and oleanolic acid, polysaccharide, favone, amongst others, which lead to the herb's anti-tumor properties.
Our previous study demonstrated that HDW promoted the immune response and exhibited anti-leukemic activity in BALB/c leukemic mice in vivo (11) . HDW is widely used in combination with other herbal medicines to treat various types of cancer (17) . Furthermore, recurrent cancer patients typically use HDW during chemotherapy to achieve additive or synergistic therapeutic effects (18) (19) (20) . Therefore, the aim of the present study was to evaluate the efficacy of combining HDW with ATO as a novel strategy for promoting the clinical efficacy of ATO in APL. The present results demonstrated that a combination of HDW and ATO synergistically increased the cytotoxicity and apoptotic cell death in WEHI-3 cells in vitro and in vivo. In addition, the molecular mechanism of this synergistic effect of HDW and ATO was investigated further. The observations of the present study provide preclinical evidence for the potential efficacy of using the two agents in combination therapy to treat APL. Preparation of HDW. HDW plants were dried and ground into a fine powder. HDW (500 g) was extracted with 5,000 ml of 50% ethanol using the refluxing method, and was then filtered. The ethanol solvent was then evaporated on a rotary evaporator in a water bath at 60˚C for 24 h. In addition, the dried powder of HDW was obtained via a spraying desiccation method using a spray dryer. Stock solutions of HDW were prepared by dissolving the powder in dimethyl sulfoxide (DMSO) to a concentration of 100 mg/ml and stored at -20˚C. The working concentrations of HDW were subsequently prepared by diluting the stock solution in RPMI-1640 medium, and the final concentration of DMSO in the medium was stored at <0.2%.
Materials and methods

Materials
Cell lines and cell culture. The WEHI-3 murine myelomonocytic leukemia cell line was obtained from the Food Industry Research and Development Institute (Hsinchu, Taiwan). Cells were cultured in RPMI-1640 medium containing 10% FBS, penicillin (100 IU/ml) and streptomycin (100 µg/ml) at 37˚C under a humidified 5% CO 2 atmosphere until use in further experiments. The morphology of cells was observed by a photomicroscope (21) .
Cell viability assay. The cell viability assay was performed using Prestoblue Cell Viability reagent (Invitrogen; Thermo Fisher Scientific, Inc.). WEHI-3 cells (2x10 4 cells/well) were seeded in 96-well plates. The cells were incubated with increasing concentrations (0.1, 0.2, 0.4, 0.8, 1.6 mg/ml) of HDW and ATO (0.8, 1.6, 3.2, 6.4 and 12.8 µM) for 24 and 48 h at 37˚C. Following incubation, 10 µl Prestoblue Cell Viability reagent was added to each well and incubated for 3 h at 37˚C, following which the media was discarded. Violet formazan precipitate was dissolved in 100 µl of DMSO and the color absorbance was recorded at 570 nm using a microplate reader. The control value corresponding to untreated cells was taken as 100% and the viability of treated samples were expressed as a percentage of the control.
Establishment of leukemic mice and treatment with indicated agents. Male BALB/c mice, ~22-28 g in weight and 4-6 weeks of age, were obtained from the National Laboratory Animal Center (Taipei, Taiwan). A total of 54 mice were randomly divided into 9 groups (n=6 each) and subsequently received different treatments as described below. WEHI-3 cells (1x10 5 cells/0.1 ml/mouse) were intraperitoneally (i.p.) administered to mice and two weeks later, the mice were successfully induced as a model of leukemia. Group I mice served as untreated controls; group II mice were i.p. injected with WEHI-3 cells to form the leukemia group; group III mice were treated with crude extracts of HDW (100 mg/kg) in double distilled water (DDW) following i.p. injection of WEHI-3 cells; group IV mice were treated with crude extracts of HDW (250 mg/kg) in DDW following i.p. injection of WEHI-3 cells; group V mice were treated with crude extracts of HDW (500 mg/kg) in DDW following i.p. injection of WEHI-3 cells; group VI mice were treated with ATO (5 mg/kg) following i.p. injection of WEHI-3 cells; group VII mice were treated with ATO (5 mg/kg) and HDW (100 mg/kg) following i.p. injection of WEHI-3 cells; group VIII mice were treated with ATO (5 mg/kg) and HDW (250 mg/kg) following i.p. injection of WEHI-3 cells and group IX mice were treated with ATO (5 mg/kg) and HDW (500 mg/kg) following i.p. injection of WEHI-3 cells. The crude extract of HDW was administered via oral gavage to each mouse from the treatment groups with the above doses on a daily basis for 2 weeks, and each mouse was subsequently weighed. Mice were maintained at a constant temperature of 25±1˚C in 55% humidity with a 12 h light/dark cycle, and were regularly provided with food and water. Ethical approval was granted by the Institutional Animal Care and Use Committee (no. 2016-091). The mice were sacrificed with CO 2 for further studies.
Spleen and liver tissues collections. Spleen and liver samples were isolated from all mice and weighed individually, following sacrifice as previously described (22) .
Western blot analysis. WEHI-3 cells were plated in a 10 cm dish and exposed to the indicated concentrations of HDW and ATO for 48 h. Cells were harvested and lysed in ice-cold radioimmunoprecipitation assay buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1% deoxycholate, 0.1% SDS, 1 mM dithiothreitol and 10 µl/ml protease inhibitor cocktail; Sigma-Aldrich, Merck KGaA, Darmstadt, Germany). Whole cell lysates (50 µg) with equal protein concentrations were obtained using the Protein Assay kit from Bio-Rad Laboratories, Inc. (Hercules, CA, USA) according to the manufacturer's protocol and further separated by SDS-PAGE (8-12%) and transferred onto a polyvinylidene fluoride membrane (EMD Millipore) as previously described (23) (24) (25) . After blocking the membrane with blocking buffer [Tris-buffered saline with Tween-20 (TBST) containing 5% non-fat milk and 0.1% NaN 3 ], they were hybridized separately with primary antibodies. All primary antibodies were diluted with antibody buffer (TBST containing 5% bovine serum albumin and 0.1% NaN 3 ) to a dilution of 1:1,000. Finally, the membrane was hybridized with secondary antibody (HRP-conjugated goat anti-mouse IgG or goat-rabbit IgG at a dilution of 1:5,000), and protein bands were presented using enhanced chemiluminescence western blot analysis detection reagents (GE Healthcare Life Sciences, Chalfont, UK). The density of each band was quantified by ImageJ version 1.47 (National Institutes of Health, Bethesda, MA, USA).
Statistical analysis. Each experiment was repeated at least three times and data are presented as the mean ± standard deviation (n=6). All data were analyzed using IBM SPSS software (version 22.0 for Windows; IBM SPSS, Armonk, NY, USA). Differences between the control and experimental groups were analyzed using independent Student's t-test when P<0.05 was considered to indicate a statistically significant difference.
Results
Synergistic effects of HDW and ATO on cell viability in WEHI-3 cells.
The combined effect of HDW and ATO exposure compared with individual exposure to both agents were initially observed at 24 and 48 h to elucidate whether combination therapy may result in a longer-lived restriction of cell proliferation compared with individual therapies. As shown in Fig. 1 , following treatment with an indicated concentration of ATO or HDW, the cell viability of WEHI-3 cells was markedly decreased in a dose-and time-dependent manner. Notably, the combination of ATO and HDW synergistically reduced the viability of WEHI-3 cells, demonstrating a lower cell survival rate compared with those of single ATO-or HDW-treated groups. These results indicate that a combination of ATO with HDW is capable of increasing the sensitivity of ATO for killing leukemia cells.
Synergistic effects of HDW and ATO on BALB/c mice following i.p. injection with WEHI-3 cells.
The combined effect of HDW and ATO on BALB/c mice was examined following i.p. injection with WEHI-3 cells. The procedure of leukemic mice establishment and treatment are presented in Fig. 2A . All mice were weighed and the mean weight of each group is presented in Fig. 2B , which indicates that oral treatment of HDW and ATO alone or a combination of HDW and ATO did not significantly affect the body weight of mice with leukemia. Furthermore, the survival rate of tumor-bearing mice was markedly reduced in the 500 mg/kg/day HDW group and 5 mg/kg/day ATO group (Fig. 2C) , respectively. Based on these observations, HDW and ATO alone may have effective anti-leukemic activity in WEHI-3 cells in vivo.
Combination of HDW and ATO affects spleen and liver weights of leukemic BALB/c mice. Mice were sacrificed following treatment with the indicated agents, and the spleen and liver was harvested from each mouse. Representative spleens are presented in Fig. 3A , which indicate that HDW and ATO treatments alone were able to reduce the size of the spleen, and that increasing the dose of HDW led to a greater reduction in the spleen size. The combination of 5 mg/kg/day ATO with 250 or 500 mg/kg/day HDW was also shown to be capable of reducing the size of the spleen (P<0.05 and P<0.01, respectively; Fig. 3B ). Liver tissues were weighed, and the results are presented in Fig. 3C . The combination of 250 mg/kg/day HDW and 5 mg/kg/day ATO and 500 mg/kg/day HDW and 5 mg/kg/day ATO significantly reduced the weights of spleen when compared with the leukemia control group (P<0.05 and P<0.01, respectively; Fig. 3B ). However, oral treatment of HDW or ATO alone, or combination of HDW and ATO did not significantly affect the weights of liver samples (Fig. 3C) .
HDW induces apoptosis via activation of the DR4 and DR5
signaling pathway in WEHI-3 cells. Our recent study demonstrated that HDW-induced apoptosis in HL-60 cells may be due to the induction of the DR pathways (26) . The present study evaluated whether HDW was able to induce apoptosis through the induction of the DR pathways in WEHI-3 cells. HDW treatment induced an increase in DR4 and DR5 expression (Fig. 4A ) in a dose-dependent manner; indicating that DR4 and DR5 upregulation are important in HDW-mediated apoptosis in leukemia cells.
Synergistic effects of HDW and ATO on the activation of the DR4 and DR5 signaling pathway in WEHI-3 cells.
The synergistic effects of HDW and ATO on the activation of DR4 and DR5 was examined. As shown in Fig. 4B , the expression levels of DR4 and DR5 were markedly increased following treatment with HDW or ATO alone, compared with control cells. Furthermore, the combination treatment of HDW and ATO induced a higher expression of DR4 and DR5 compared with those in the single HDW or ATO-treated group. The results revealed that the synergistic effects of HDW and ATO on cell viability are via the activation of the DR4 and DR5 signaling pathway in WEHI-3 cells.
HDW-stimulated apoptosis occurs through the induction of PARP, caspase-3, -8 and -9 activities.
Caspase activation is crucial in the initiation and execution of apoptosis. In order to determine whether HDW-stimulated apoptosis went through the activation of caspase, WEHI-3 cells were treated with or without the indicated concentration of HDW for 48 h prior to assessment of PARP, caspase-3, -8 and -9 protein levels. Fig. 5A demonstrates that HDW upregulated the levels of cleaved PARP, cleaved caspase-8 and cleaved caspase-9 expression, whereas levels of pro-caspase-3 were downregulated in WEHI-3 cells. These results suggest that the caspase cascade contributed to HDW-induced apoptosis in WEHI-3 cells.
Effects of HDW on levels of Bcl-2 family proteins.
The association between HDW and the levels of Bcl-2 family proteins was subsequently examined. Fig. 5B demonstrates that HDW administration decreased anti-apoptotic protein levels in a dose-dependent manner. Furthermore, treatment with HDW decreased the total Bcl-2, Bcl-xL and survivin protein levels, respectively. In addition, our data revealed that HDW increased the expression of Bak in a dose-dependent manner, and that Bid, a substrate of caspase-8, was also activated by HDW (Fig. 5C ). Fig. 6A , following treatment with HDW or ATO alone, the activation of PARP and caspase-3, -8 and -9 was increased compared with the control cells. The combination treatment of HDW and ATO induced a higher activation of PARP, caspase-3, -8 and -9 than those in the single HDW or ATO-treated groups (Fig. 6A) . As depicted in Fig. 6B and C, the 
Synergistic effects of HDW and ATO on the expression of apoptosis-related proteins in WEHI-3 cells. As shown in
Discussion
ATO was initially used as a chemotherapeutic agent in APL, and it has previously been indicated that it may be used to treat various types of cancers, including solid cancers (2-4). However, the therapeutic dose of ATO may evoke severe cardiac side effects. Therefore, combining therapeutics may be a novel strategy for promoting the clinical efficacy of ATO in APL. In the present study, whether HDW was able to enhance the sensitivity of ATO in the therapy of leukemia was evaluated. It was demonstrated that co-treatment of HDW with ATO synergistically inhibited cell proliferation and induced apoptotic cell death in WEHI-3 cells. To the best of our knowledge the present study identified, for the first time, the synergistic effects of HDW and ATO on BALB/c mice following i.p. injection with WEHI-3 cells.
In our previous study, murine WEHI-3 leukemia was established in BALB/c mice and HDW was hypothesized to have anti-leukemic effects on leukemic animals in vivo. Following i.p. injection with WEHI-3 cells, the major characteristic of leukemic mice were enlarged spleen cells. HDW extract reduced the weights of the spleen and liver, but had no significant effect on the body weight in WEHI-3 leukemic mice (11).
Furthermore, HDW increased the percentage of CD11b cell surface marker (monocytes) and reduced the percentage of CD3 (T-cell) and CD19 (B-cell) markers. In the present study, oral treatment of HDW or ATO only, or combination of HDW and ATO was demonstrated to prolong the survival of tumor-bearing mice. Results from in vivo experiments indicated that the combination of HDW and ATO significantly reduced the weights of the spleen when compared with the HDW or ATO alone groups.
Given that in vitro evaluation of cytotoxicity in cancer cells is necessary for determining the potential therapeutic efficiency of combination therapy, a Prestoblue Cell Viability reagent assay was performed. The results revealed that WEHI-3 cells treated with HDW and ATO exhibited a higher cytotoxicity than single agent-treated cells (Fig. 1) . Both HDW and ATO possess chemotherapeutic potential due to their ability to trigger apoptosis in several cancer types. Furthermore, our previous study indicated that HDW induces apoptosis in human leukemia cells by modulating caspase cascade signaling (26) . Zhang et al (27) identified that HDW inhibited the growth of human glioblastoma cells by inducing mitochondrial apoptosis via the AKT/ERK pathways. A recent study revealed that HDW directly inhibited the proliferation of cervical cancer cells and induced apoptosis of the tumor cells (28) . Moreover, Gao et al (29) indicated that ATO treatment effectively caused cell growth inhibition, suppressed clonogenic potential and induced G2-M cell cycle arrest and apoptosis in pancreatic cancer cells. ATO was also able to induce apoptosis in human hepatocellular carcinoma HepG2 cells through a reactive oxygen species-mediated mitochondrial pathway and activation of caspases (30) . Therefore, the present study further evaluated the potential effects of combination HDW and ATO treatment on cell apoptosis. The results demonstrated that the level of apoptosis was elevated by either HDW or ATO alone, and the percentage of apoptosis in the cells co-treated with both agents was higher than that of cells treated with single HDW or ATO. These observations indicate that the synergistic cytotoxic effects of HDW and ATO may come from cell apoptosis. In order to further explore the detailed mechanism of apoptosis induced by HDW and/or ATO, the expression of key molecules of the extrinsic and intrinsic apoptotic pathway was detected by western blot analysis. The results revealed that HDW and ATO were able to induce the activation of DR4 and DR5 in WEHI-3 cells. Notably, WEHI-3 cells co-treated with HDW and ATO demonstrated higher expression of these proteins compared with single agent-treated cells, indicating that HDW and ATO may share the same apoptotic signaling pathways used to initiate apoptosis.
The Bcl-2 family is important in the intrinsic apoptotic pathway, by controlling the release of cytochrome c from mitochondria to the cytosol and then sequential activation of caspase-9 and -3 proteolytic processing (31) . Bcl-2 and Bcl-xL, which are the major anti-apoptotic proteins among the Bcl-2 family members, block the function of proapoptotic proteins, including Bax (32) . Although it has been reported that HDW induces cell apoptosis through the intrinsic apoptosis pathway (13) (14) (15) , its effects on the Bcl-2 family in WEHI-3 cells remain unclear. HDW treatment significantly reduced the RNA expression of Bcl-2, and upregulated the expression levels of Bax in human colorectal cancer cells (33) . A decreased Bcl-2/Bax ratio and Akt suppression were detected in HDW-treated human glioblastoma cells (27) . The results of the present study have demonstrated that HDW had little effect on the expression of Bcl-2, Bcl-xL and Bak in WEHI-3 cells. Furthermore, recent studies have revealed that ATO induces cell apoptosis by regulating Bcl-2, Bcl-xL and Bax in multiple solid tumors (31, 32, 34) . In accordance with this, the present study has demonstrated that ATO inhibited the expression of Bcl-2 and Bcl-xL, and increased the expression of Bak in WEHI-3 cells. In the present study, the results demonstrated that HDW synergizes with ATO to promote cell apoptosis by regulating different apoptotic molecules and inhibiting anti-apoptotic protein expression in WEHI-3 cells.
To the best of our knowledge, the present study demonstrated, for the first time, that HDW potentiated ATO-induced apoptosis in WEHI-3 cells. The results further revealed that HDW and ATO coordinately initiated the mitochondrial and DR apoptotic signaling pathways in order to trigger cell apoptosis in WEHI-3 cells. These observations provide novel evidence that the combination of HDW with ATO may be a promising strategy to increase the clinical efficacy of ATO in the treatment of APL.
